The regulation of hippocampal muscarinic Ml and M2 receptors was studied by autoradiographic methods following cholinergic denervation and reinnervation from embryonic septal transplant.
In young adult male rats the density of Ml sites, labeled either with 3H-pirenzepine (PZ) or 3H-N-methylscopolamine (NMS, in the presence of excess carbachol), exceeded by 4-to 5-fold the density of M2 sites, labeled with 3H-NMS in the presence of excess PZ. Both receptors appeared to be densest in hippocampal regions lowest in acetylcholinesterase or 3H-hemicholinium-3 binding. The distribution of Ml receptors did differ from the distribution of M2 receptors within subregions of the hippocampus. Along the mediolateral axis from the subiculum to the lateral CAl, the density of Ml receptors is uniform, but the density of M2 receptors decreases.
Also apparent is the relatively small difference in density between the CA1 and dentate gyrus for Ml receptors but a significantly greater difference for M2 receptors.
However, the response of Ml and M2 receptors to long-term cholinergic denervation following fimbriafornix transection of the septal cholinergic input and to cholinergic innervation by embryonic septal transplants was similar. Long-term denervation (40-60 d) resulted in a 30-60% increase in both Ml and M2 receptors within regions of the hippocampal formation.
Receptor levels were reduced to normal in regions innervated by septal transplants. For both receptors, the changes in the density of sites were due to alterations in the IS,,, and not the K, for the radioligands. The specificity of this regulation is supported by the evidence that (1) the degree and topography of the normalization of muscarinic receptor density was entirely dependent on the degree and pattern of cholinergic reinnervation by the fibers of the septal transplant, (2) cholinergic fiber reinnervation by embryonic striatal grafts also down-regulated the density of Ml and M2 receptors, and (3) successfully surviving transplants (e.g., cerebellar and striatal) that did not provide innervation to the hippocampus did not induce down-regulation of muscarinic receptors.
Changes in the density of sites were not related to changes in the width of the hippocampus following denervation and reinnervation. The data support the view that the majority of Ml and M2 receptors are located postsynaptically on neurons within the hippocampus and not presynaptically on cholinergic fibers.
Biochemical and behavioral studies indicate that the sensitivity of systems mediated by muscarinic acetylcholine (ACh) receptors respond to the level of neurotransmitter activity. Thus, chronic treatment with muscarinic antagonists results in impaired performance on memory tasks, and tolerance develops following initial exposures to the drug (Kasckow et al., 1984; Messer et al., 1987) . A molecular basis for this phenomenon was suggested by the evidence that muscarinic receptor levels can be regulated by their own activity and that this regulation appears to be by a negative-feedback process. Thus, the administration of drugs that enhance receptor activity decrease receptor concentration (Gazit et al., 1979; Ehlert et al., 1980; McKinney and Coyle, 1982) , whereas pharmacological blockade of receptors increases receptor levels (Ben-Barak and Dudai, 1980; McKinney and Coyle, 1982; Sutin et al., 1986) . Similarly, cholinergic denervation should lead to an increase in muscarinic receptor density (Westlind et al., 1981; McKinney and Coyle, 1982) ; however, the majority of studies have found no evidence for this effect in the brain (Yamamura and Snyder, 1974; Overstreet et al., 1980; Kamiya et al., 198 1; Mash et al., 1985; Watson et al., 1985a; Norman et al., 1986) . Furthermore, in the study by McKinney and Coyle (1982) who compared pharmacological treatments and cholinergic denervation, the modest denervation effect was found to be considerably less than that with receptor blockade. The absence of positive results following cholinergic denervation may be due to several possibilities. First, relatively short postoperative periods have been used, which may minimize the possibility of seeing the effect. Second, experimental denervation can result in the incomplete loss of cholinergic input to the region of interest. Third, regionally selective changes in receptor density can occur following denervation, which may not be detected by conventional biochemical techniques. Fourth, only a few studies have examined the possibility that muscarinic receptor subtypes could be differentially affected by the deafferentation.
To address the role of cholinergic afferents in the regulation of muscarinic receptor subtypes within the brain in more detail, it is useful to have a model that provides for complete deafferentation and subsequent reinnervation. The septohippocampal pathway provides the major source of cholinergic input to the hippocampus (Kasa, 1986) . Combined pharmacological and electrophysiological studies have shown that the cholinergic synapse in the normal hippocampus is of the muscarinic type (for review, see Nicoll, 1985) . Complete deafferentation of the septohippocampal cholinergic projection system to the dorsal hippocampus can be accomplished with fimbria-fornix transection. Furthermore, reinnervation of the hippocampus can be accomplished by transplantation of embryonic septum into adult host denervated hippocampus. Septal transplants have been shown to reverse behavioral deficits produced by fimbria-fornix transection of the major cholinergic pathway to the hippocampus Kimble et al., 1986) . The transplants form synapses on granule and pyramidal cells which appear to be functionally cholinergic based on biochemical (Bjorklund et al., 1983; Kelly et al., 1985) electrophysiological Segal et al., 1985) and morphological evidence Clarke et al., 1986) . Indirect evidence indicates that the cholinergic input from the grafted embryonic septum establishes muscarinic synapses, since (1) the electrophysiological responses are atropine-sensitive (Segal et al., 1985) and (2) transplant-induced behavioral recovery in aged rats is atropine-sensitive . Muscarinic receptors have been proposed to be of multiple subtypes based on the evidence that binding of a range of muscarinic agonists to rat cortex follows an isotherm indicative of at least 2, and possibly 3, binding sites , while antagonists normally exhibit characteristics of a l-site model . Subsequent studies utilizing the radioligand 3H-pirenzepine (PZ) have shown that this ligand labels 2 sites in brain that do not interconvert (Luthin and Wolfe, 1984; Gil and Wolfe, 1986) . It has been proposed that the sites preferentially labeled by PZ with high affinity be termed the M 1 receptor and the site labeled with very low affinity be termed the M2 receptor (see Watson et al., 1983 Watson et al., , 1985b Watson et al., , 1986 . Both sites have been visualized in the hippocampus using autoradiographic means, and the majority are of the Ml type (Wamsley et al., 1980 (Wamsley et al., , 1984 . It has been proposed that Ml sites are located postsynaptic and M2 sites located presynaptic to cholinergic synapses, based on the differential distribution of Ml and M2 sites in the brain (Mash and Potter, 1986; Spencer et al., 1986) , correlation with acetylcholinesterase (AChE)-positive terminals (Mash and Potter, 1986; Spencer et al., 1986) , and loss of sites in cortex after destruction of the nucleus basalis (Mash et al., 1985; Watson et al., 1985a) . However, the loss of M2 sites following cholinergic deafferentation of the cortex has not been replicated by others (Norman et al., 1986 ) and Watson and associates have provided evidence for a presynaptic location for both Ml (Watson et al., 1986) and M2 (Watson et al., 1983) receptors on septohippocampal fibers. The possibility that M 1 and/or M2 receptors are located presynaptically on cholinergic fibers suggests that deafferentation-induced loss of presynaptic muscarinic receptors might offset up-regulation of postsynaptically located receptors.
We took advantage of the technique of quantitative autoradiography to examine whether deafferentation of, and subsequent cholinergic reinnervation of, the hippocampus by embryonic septum would result in the regulation of muscarinic M 1 and M2 receptors in the adult host hippocampus.
Materials and Methods
Animals. Male Sprague-Dawley rats (150-200 gm) received a bilateral knife cut through the fimbria-fomix to remove the native cholinergic innervation of the hippocampus . Ten days following the lesion surgery, animals received transplants of embryonic days 16 (E16) or El8 septal tissue, El6 or El8 striatal tissue, or El8 cerebellum placed into the left hippocampus (coordinates: incisor at +5.0, -3.1 mm from bregma, 2.25 mm lateral, -3.0 mm from dura). Transplantation was performed as previously described (Lewis et al., 1980; Lewis and Cotman, 1983; Gibbs et al., 1986) . Septal or striatal tissue from one embryo was implanted as a solid graft (1 mm') into the host recipient. The delay paradigm was used to maximize transplant survival as previously demonstrated (Nieto-Sampedro et al., 1982; Gibbs and Cotman, 1987) .
Autoradiographic procedures. Thirty to 50 d postimplantation, 14 experimental (8 septal, 4 striatal, and 2 cerebellar transplanted animals) and 4 control animals were killed and their brains rapidly removed. The brains were immediately frozen in -20°C isopentane for 30 set, then stored at -80°C until processing for autoradiography. For autoradiography, 20-pm-thick sections were cut at -14°C in a cryostat and thaw-mounted onto gelatin-coated slides. The slide-mounted sections were maintained at O+C while being dried under reduced pressure in a desiccator, then stored at -80°C until the autoradiography assays.
For visualization of the muscarinic M 1 receptor, PZ (Wamsley et al., 1984) was used. The distribution of M 1 receptors was accomplished by incubating slide-mounted tissue sections in a single concentration (10 nM) of PZ (& = 25 nM, 80 Ci/mmol, New England Nuclear). For saturation experiments the concentration range for PZ was 0.99-198 nM. Adjacent sections incubated in the presence of 10 PM atropine (Sigma) to define nonspecific binding showed no apparent binding. The slide-mounting sections were incubated by layering 3 ml of buffer containing PZ onto the tissue under constant temperature for 1 hr at 20°C. The incubation solution contained Krebs buffer: 37 mM NaCl, 7 mM KCl, 1.2 mM MgC1,.6H,O, 1.2 mM NaH,PO,, 16 mM NaHCO,, 1.6 mM CaCl,.2H20, 3.1 mM glucose. Tissue sections were rinsed for 5 min in buffer and then dried on a hot plate at 55°C after aspiration of excess fluid.
For visualization of the Ml and M2 receptors with 'H-N-methylscopolamine ('H-NMS), methods described previously were used (Wamsley et al., 1980; ) with minor modifications. For visualization of M 1 sites, 1.9 nM )H-NMS with 100 MM carbachol to block M2 sites and 10 PM atropine to define nonspecific binding was used. Muscarinic M2 receptors were labeled with 'H-NMS in the presence of excess pirenzepine (Boehringer Ingelheim) to block the M 1 sites . Slide-mounted sections were incubated with 1.9 nM 'H-NMS (& = 0.4 nM, 76 Ci/mmol, New England Nuclear) in the presence of 3 PM pirenzepine. For saturation experiments the concentration range of3H-NMS was 0.0 12-2.1 nM. Adjacent sections incubated in the presence of 10 PM atropine to define nonspecific binding showed ~5% of total binding. Slide-mounted sections were incubated by layering 3 ml of buffer containing 3H-NMS onto the tissue. Incubations were for 60 min at 22°C in 0.3 M potassium PBS (pH 7.4). Sections were rinsed in sodium phosnhate-buffered saline for 10 min at 0°C and then dried on a hot plate ai 55°C after aspiration of excess fluid.
For visualization of the presynaptic choline@ terminals, the autoradiographic distribution of 3H-hemicholinium-3 OH-HC-3) (Quirion, 1985; Vickroy et al., 1985a, b) or the staining of tissue for AChE reaction product was used. Tissue sections were incubated with 10 nM 'H-HC-3; 120 Ci/mmol New England Nuclear), a concentration 34 times the &for the high-affinity choline uptake site (Lowenstein and Coyle, 1986) , in the presence or absence of 12.5 PM HC-3 (Sigma) to define nonspecific binding. Slide-mounted sections were incubated by layering 3 ml of buffer containing )H-HC-3 onto the tissue. The buffer contained 50 mM hemiglycylglycine with 200 mM NaCl (pH 7.8) at 22°C. Incubation was for 30 min at 22°C. Tissue sections were rinsed for 2 min in buffer, then for 10 set in double-distilled H,O at 4°C and dried on a hot plate at 55°C after aspiration of excess fluid.
AChE histochemistry was performed according to a modification of the original procedure of Koelle (Koelle and Friedenwald, 1949) . The slide-mounted sections were warmed to room temperature and allowed to air-dry. The tissue was then immersed in 10% buffered formalin for 1 hr and rinsed in doubled and CuSO,-glycine solution) for 4 hr, developed in 3% K,Fe(CN),, and then rinsed 4 times in doubled-distilled H,O for 30 set each. Analysis of autoradiographs. After appropriate exposure times, the film was developed in Kodak D-19. For analysis of the autoradiographic images the illuminated image of each autoradiograph was collected by a video camera connected to a Spatial Data Systems Eyecom 850 image analyzer or an IBM AT-based image analysis system (DUMAS, Drexel University, Philadelphia, PA). Because of nonlinearities in the film and image-array processor, these original gray values are not a linear function of the concentration of tritium. By using a standard curve for each piece of film that is generated from tritium-containing standards that are exposed to the film with the experimental tissue sections, the original gray value of each pixel is transformed and expressed as the quantity of radioligand bound. The digitized images of the autoradiographs of total and nonspecific binding were displayed, and a cursor of variable size was positioned over the region of interest to read the density of bound radioligand. Nonspecific binding was subtracted from total binding to obtain the specific binding of each radiogland. The tissue section utilized for the autoradiographic image was stained for cresyl violet or thionin after the development of the autoradiographic images, making them available for visualization of brain structures. The autoradiographic image was viewed in one frame and the stained section viewed in the second frame to assist in quantification of the images. For any radioligand, a minimum of 10 sections at 3 coronal levels along the rostral<audal axis of the dorsal hippocampus were analyzed for each case. The level of significance for comparison of differences between treatment (lesion or transplant) with control was based on multiple t tests with post hoc correction for multiple comparisons according to the method of Duncan (1955) .
Results

Distribution of cholinergic terminals in control and transplantinnervated hippocampus
In the control (nonlesioned), lesioned, and transplant-innervated hippocampus the distribution of 3H-HC-3 binding sites and staining pattern for AChE was largely overlapping, suggesting that both techniques are useful markers of cholinergic terminal density. Thus, in the control hippocampus each of the regions (CAl, CA3, dentate gyrus) exhibited a highly laminated patterning for both markers with dense binding or staining of the bands just superficial to the pyramidal or granule cell layer (Figs. lB, 2A). However, important distinctions also were apparent in the patterning of the 2 markers. In the control hippocampus, the granule cell layer of the dentate gyrus showed the densest 'H-HC-3 binding with a well-demarcated band (Figs. 2A, 4). The CA2-CA3 region showed less binding with a more diffuse distribution of label across its width, although the layers immediately surrounding the pyramidal cell layer were still visible as denser bands. The region of CA3b was not reduced in density compared with the more lateral CA3. The pyramidal cellular layer of CA 1 was clearly demarcated by a dense band of binding.
The oriens layer of CA1 showed more binding than the lacu- nosum molecular layer or CA4 hilus (polymorph layer of dentate gurus). The histochemical demonstration of AChE staining (Fig. 1B ) showed the most intense staining in the dentate gyrus and CA3, with well-defined bands of staining visible just superficial to the granule or pyramidal cell layer. The remaining layers showed a more diffuse pattern. In contrast to the 3H-HC-3 binding, the CA3b region showed lighter AChE staining than either the CA3 or dentate gyrus regions. Also dissimilar to that of 3H-HC-3 binding within CAl, the AChE patterning was reduced in the pyramidal layer. Moreover, the staining for AChE showed distinct bands and the lacunosum molecular layer exhibited much less intense staining than the molecular layer.
The bilateral cholinergic deafferentation and successful unilateral innervation by septal grafts was evident from the AChE staining pattern. Deafferentation removed all of the AChE staining ( Fig. 3B ) and the transplant-innervated side showed a welldefined pattern that was similar to that observed in nontransected (control) animals. As has been noted previously (Lewis and Cotman, 1983; Gibbs et al., 1986) , the innervation by septal grafts was more extensive than that by striatal grafts. In the case of the striatal transplant, successful innervation occurred only when the graft was placed within the hippocampus proper (see Fig. 9D ). However, innervation from such striatal transplants exhibited a pattern that was similar to, but less dense than, that observed with septal transplants. Innervation by septal transplants was more consistent and occurred when placed adjacent to the hippocampus or within the hippocampus (Fig. 3) . Transplant) , and grafted and lesioned sides of animals receiving successful septal transplants (Septal Transplant) that did provide innervation to the hippocampus as assessed by AChE histochemistry. Bilateral fimbria-fomix transection resulted in a significant (p CC 0.05, indicated by asterisk) decline of 'H-HC-3 binding in all subfields of the hippocampus (as compared with Controls) in animals receiving striatal transplants that showed no innervation in the hippocampus. Unilateral grafts of septal tissue resulting in innervation of the hippocampus showed binding significantly greater than the nongraft side (lesion; * p < 0.05) but also significantly less than the control cases (** p ( 0.05). DG, dentate gyrus; CA3b, medial region of CA3; CA3, outer limb of CA3; CA1 -PYR, pyramidal layer of CAl; CAl-MOL, lacunosum molecular layer of CA 1; SUB, subiculum.
In the transplant-innervated hippocampus (Fig. 3, A, B) , the correspondence between the AChE staining and )H-HC-3 binding is evident, with the denervated side exhibiting 60-80% less 3H-HC-3 binding, depending on the region examined (Fig. 4) , than the innervated side did. Thus, as indicated in Figure 4 , the nongrafted side of bilaterally lesioned rats showed significantly less 3H-HC-3 binding in all subfields of the hippocampus. The grafted side of animals with innervation to the hippocampus, as assessed by AChE staining, exhibited -'H-HC-3 binding that was significantly greater than the nongraft side and of animals without innervation of the hippocampus but also significantly less than the control cases 07 < 0.05). However, important contrasts are also apparent for the 2 markers. First, the 3H-HC-3 binding in the hippocampus appears to show less of a difference between the innervated and noninnervated sides than does the AChE staining observed in adjacent sections. Second, the AChE staining was richest in regions nearest the transplant; thus, in Figure 3B , regions CA1 and CA3 are darkest with clear demarcation of the pyramidal cell layer. The medial aspects of the CAl, the CA3b, and dentate gyrus regions show more diffuse and lighter staining than the CA1 region. In contrast the nearly adjacent section processed for 3H-HC-3 autoradiography (Fig.  3A) shows nearly equivalent binding in the pyramidal layer of CA1 and granule layer of the dentate gyrus; and the pyramidal layer is not visible in CA2, CA3, and CA4 regions. Third, while differences in the density of 3H-HC-3 sites exist between regions CA I-CA3b of the hippocampus, they appear to be less apparent than when observed in the AChE-stained sections. These contrasts between 3H-HC-3 binding and AChE staining is not simply due to differences inherent with comparison of histochemical staining with autoradiography for these sites since such comparisons are highly reliable in striatum (see Rhodes et al., 1987) .
Differences that exist between the pattern exhibited by 3H-HC-3 binding and AChE histochemistry on the innervated side may reflect intrinsic 3H-HC-3 binding. This is suggested by the observation that, in hippocampus where grafts did not produce significant cholinergic innervation as assessed by AChE staining, the dentate gyrus region shows significant 3H-HC-3 binding without significant binding in other regions (Figs. 3, C, D; 4) . What is unusual, however, is that no significant 3H-HC-3 binding was observed in the DG opposite to that reinnervated by a transplant (Figs. 3, A, B, 4) , whereas in the absence of reinnervation (Figs. 3, C, D; 4), elevated 3H-HC-3 binding was observed in the DG on both sides.
Distribution of MI and M2 sites in control hippocampus
The autoradiographic distribution of M 1 sites utilizing PZ (Fig.  1A) or 3H-NMS with M2 sites masked by carbachol (Fig. 54) Regulation of Hippocampal Muscarinic A B' Figure   5 . Effects of bilateral cholinergic denervation and unilateral reinnervation of the hippocampus on Ml receptors as seen in 2 separate animals. The side of the septal transplant is shown at left in panel, and the denervated side at right. A and B, Density of Ml receptors ('H-NMS with M2 sites occluded with carbachol) is higher on the denervated side than the side of the transplant originating cholinergic innervation. C and D, Nearly adjacent sections to A and B with the AChE histochemical demonstration of the extent and pattern of cholinergic innervation from the septal transplant (section is caudal to the actual site of the transplant). E and F, Same sections as A and B but stained for thionin to show regions of hippocampus.
were similar in the control (unoperated) hippocampus. With and lowest Ml receptor density (Fig. 1, A, B) . In contrast, the either method comparison with the adjacent section stained for lacunosum molecular layer and the molecular layer of the denAChE activity revealed a striking inverse relationship between tate gyrus showed denser muscarinic receptor density and relAChE staining intensity and muscarinic Ml receptor density.
atively lower AChE staining. The relative order of M 1 receptor Thus, the pyramidal cell layers of CAl-CA3 and the granule density within the hippocampus was lacunosum molecular layer cell layer of the dentate gyrus showed the highest AChE intensity of CA 1 > dentate gyrus molecular layer s== CA3b > lacunosum . Top, Cholinergic denervation of the hippocampus following fimbria-fomix transection resulted in a significant increase in Ml receptor density in all hippocampal subfields except CA3. Septal transplants produced cholinergic innervation to hippocampus and a decrease in Ml density to control levels except in the dentate gyrus, where levels were lower than controls (** p < 0.05). Bottom, Cholinergic denervation of the hippocampus following fimbria-fomix transection resulted in a significant increase in M2 receptor density in all hippocampal subfields. Septal transplants produced cholinergic innervation to hippocampus and a decrease in M2 density to control levels. Asterisk indicates significant difference from control and transplant, p < 0.05). The density of sites represented in the bar graph are from radioligand concentrations that are approximately one-half the Kd for PZ bindina to Ml (toa) sites and 4-5 times that For JH-NMSto M2 sites (bottom). Consequently, the density of M 1 and M2 receptors cannot be directly compared, but the relative order within the subregions of the hippocampus accurately reflects the values determined from Scatchard analysis. For control M 1 receptor density, CA3 and CA3b are significantly less than all other subfields. For control M2 receptor density: (1) CA3 and DC significantly less than all other subfields;/(2) L-CA1 significantlv less than CA3b. M-CAl. and SUB:SUB, subiculum; hf-CAI, medial region of CA 1; L-CAI, lateral region of CAl: CA3. outer limb of CA3: CA36, medial region of CA3; DGv, 'ventral blade of the dentate gyrus; DGd, dorsal blade of dentate gyrus. molecular layer of CA2KA3 > hilus of CA4 (Fig. 1A) . The in the hippocampus, serial sections from 4 unilateral transplants exact inverse for AChE staining intensity was evident.
and 2 controls were used. In control (unoperated) rats, the dis- were achieved using concentrations of radioligands that are approximately one-half the Kd for PZ binding to M 1 sites and 4-5 times that for 3H-NMS to M2 sites. Consequently, the values in Figure 6 (top and bottom) cannot be directly compared. However, Scatchard analysis indicates that within the hippocampus the M 1 receptor density is approximately 5-fold higher than the M2 receptor density. The photomicrographs in Figure 2 and the bar graph representation of the data in Figure 6 do present an accurate picture of the differences in relative densities within the regions of the hippocampus. In Figure 2 , it can be seen that within the cortical and thalamic regions the density of M2 sites correlates highly with the density of AChE staining. Within subregions of the hippocampus there is, like for that of Ml receptors, an inverse correlation between M2 receptor density and density of cholinergic terminals (Fig. 2) . However, important differences exist between the regional distribution of Ml and M2 sites and their relationship to 3H-HC-3 binding, particularly within the subiculum-CA1 complex, CA4, and dentate gyrus regions. The density of M 1 receptors is nearly uniform in the mediolateral axis from the subiculum through CA1 to the interruption in density at border of the CA2 region (Figs. 1,2B,  6 ). In contrast, the density of M2 receptors was greatest in the (Figs. 2C, 6 ). Also apparent is the nearly equivalent density of Ml sites in the CA1 and dentate gyrus, whereas for M2 sites the dentate gyrus was relatively low in density compared with the CA1 region (Figs. 2,8) . Thus, the relative order ofthe density of M 1 sites was subiculum = CA1 > DG > CA3b > CA3 (outer) > CA2. For comparison the relative order of the density of M2 sites was subiculum > CA1 > CA3b > CA3 (outer) = DG > CA2. Because of this difference in relative order of the density of M2 and Ml receptors in the hippocampus, the inverse relationship between the density of 3H-HC-3 binding and M2 receptors is more apparent than for Ml receptors.
Regulation of Ml and M2 sites by denervation and transplant innervation Loss of cholinergic innervation following fimbria-fornix transection produced an increase in Ml receptor density that was reduced to control levels following cholinergic reinnervation by the AChE-positive fibers originating from the septal transplant (Fig. 5) . The density of Ml sites labeled with a single concentration of jH-NMS (in the presence of excess carbachol to mask M2 sites) was significantly (p < 0.05) lower on the transplant innervated hippocampus (30 d postoperatively) than on the denervated side by an average of 35%, as examined in 10 sections from each of 4 septal graft-treated rats. The differences between the transplant-innervated and denervated sides was significantly greater (p < 0.05) for the CA1 region (47%) than for the dentate gyrus (30% striatal graft) and 2 control animals, the 2 methods for labeling of Ml receptor sites were compared using PZ or 3H-NMS, in the presence of excess carbachol to mask M2 sites. The regulation of these sites by cholinergic graft-associated innervation was substantially the same, providing further evidence that both radioligands were labeling the M 1 receptor under the conditions employed (Fig. 5 , A, B; 6; 7). The density of PZ binding to Ml receptors in the septal transplant innervated side ranged from 3 l-46% (p < 0.05) of the noninnervated side and was indistinguishably different from the control hippocampus (Figs. 6, 7 ). Scatchard analysis indicated that the Ml receptors in the innervated and noninnervated sides showed no difference in affinity for PZ, but there was a change in B,,,. The Kd for PZ in the innervated side for the CA1 and CA3 regions was 26 nM and in the dentate gyrus was 17 nM; in the noninnervated side, the Kd values were 24 (CAl), 23 (CA3), and 17 nM (dentate gyrus). The B,,, for CA1 of the innervated side was 3290 fmol/ mg protein, which is significantly different (p < 0.05) from that of the CA3 (18 19 fmol/mg protein) and the dentate gyrus (2 140 fmol/mg protein). The same regions of the noninnervated side showed a B,,, of 463 1 fmol/mg protein for CA 1, 2692 fmol/ mg protein for CA3, and 2849 fmol/mg protein for the dentate gyrus. While all regions of the denervated hippocampus were significantly greater in density than corresponding regions of the grafted side (p < 0.05) the significant difference in density of sites between the CA1 and the other subfields was still retained. The density of M2 receptors labeled with )H-NMS (Ml sites masked by pirenzepine) exhibited a similar response to denervation and reinnervation as the Ml receptors (Figs. 6, 7c ). Scatchard analysis indicated that the differences in the density of M2 receptors in the innervated and noninnervated sides was Figure 9 . Relationship of M 1 receptor regulation to cholinergic reinnervation of hippocampus following bilateral denervation and reinnervation from septal transplant (A, C, E) or striatal (B, 0, F). A and B, Ml receptors labeled with PZ. C and D, AChE histochemical demonstration of transplant-originating cholinergic innervation in nearly adjacent sections. E and F, Sections from A and B stained for thionin. Note in C that the right hippocampus has received a small "crossover" of AChE-positive fibers (arrows) from the septal transplant into the subiculum and medial CA 1, which has led to a reduction in M 1 sites only in that region of the denervated hippocampus. Dark region near the dentate gyrus in D marks striatal transplant placed into the hippocampus proper.
due to a change in B,,, (p < 0.05) with no alteration in affinity and for the noninnervated side was 9 10 fmol/mg protein. Simfor 3H-NMS. The Kds for regions CAl, CA3, and dentate gyrus ilarly, that for the CA3 and dentate gyrus of the innervated side of the transplant side were 260, 280, and 230 PM. For the nonwas 372 and 391 fmol/mg protein, whereas that for the noninnervated side, the Kds were 280, 280, and 240 PM for CAl, innervated side was 530 and 603 fmol/mg protein. As shown CA3, and dentate gyrus, respectively. The B,,, for the transplant in the photomicrographs of Figure 7 and the data in Figure 6 , innervated side within the CA 1 region was 55 1 fmol/mg protein largely similar patterns of receptor normalization of receptor density occurred for both Ml and M2 receptors. For all hippocampal subfields, the denervated side showed significantly higher binding (p < 0.05) than the grafted side or the same side of control animals (Fig. 6) . The difference between the innervated and noninnervated side is greatest near the transplant and least where the innervation is incomplete. Thus, for example, the dorsal blade ofthe dentate gyms shows denser AChE staining than the ventral blade and reduced muscarinic receptor density (Fig. 7) . However, some differences in the pattern of regulation of the 2 receptor subtypes may exist. While significant differences were not achieved, the data presented in Figure 8 indicate that the medial CA 1 and CA4 regions showed greater decreases in M2 receptor density than Ml receptor density on the transplant-innervated side and the subiculum showed greater reduction in the density of Ml receptors. The extent and topography of the down-regulation of M 1 and M2 receptors was dependent on the cholinergic reinnervation. Thus, for example, inspection of Figure 5 reveals that the ventral blade of the dentate gyrus showed less intense AChE staining from the septal-originating cholinergic innervation than did the dorsal blade, and the differences in M 1 receptor density was less marked than for the dorsal blade. Figure 9 , A, C, shows a case where the AChE-positive fibers derived from the septal transplant crossed over to the contralateral side within the subiculum and medial CA1 resulting in a reduction of the density of sites within this zone of innervation. Grafts of embryonic striatum that exhibited successful innervation of the hippocampus also resulted in a down-regulation of Ml receptors on the side of cholinergic reinnervation (Figs. 8; 9 , B, D, F), and the decrease was nearly the same magnitude as that produced by septal transplantation (Figs. 5, 6 ). In contrast, surviving grafts of striatal tissue that did not establish cholinergic terminal innervation within the hippocampus did not induce a reduction in Ml or M2 receptor density (Fig. 8) . Furthermore, transplantation of embryonic cerebellum did not show AChE-positive fiber innervation of the denervated hippocampus or down-regulation of Ml or M2 receptor density. Finally, tissue sections used for autoradiography were subsequently stained for thionin and, under 40 x magnification, the width of the lacunosum molecular layer of the denervated and reinnervated side was measured. The width of the lacunosum molecular layer in the denervated and reinnervated sides showed no significant differences, indicating that changes in the density of muscarinic sites following reinnervation from septal or striatal transplants was not the result of dilution of the areas measured for receptor density.
Discussion
There has been convincing evidence from studies utilizing compounds that enhance or disrupt cholinergic transmission in the brain that the density of muscarinic receptors is regulated by the amount of ACh available at the synapse (Gazit et al., 1979; Ben-Barak and Dudai, 1980; Ehlert et al., 1980; Sutin et al., 1986) . However, denervation of cholinergic synapses has not, with the exception of 2 reports (Westlind et al., 198 1; McKinney and Coyle, 1982) been shown to result in increased density of muscarinic receptors (Yamamura and Snyder, 1974; Overstreet et al., 1980; Kamiya et al., 1981; Mash et al., 1985; Watson et al., 1985a; Norman et al., 1986) . We approached this issue by studying a model system that allows for almost complete cholinergic denervation of the region being studied and investigated the effects of reinnervation of that same region. Furthermore, we took advantage of quantitative receptor autoradiography to examine whether regionally selective regulation of muscarinic receptor subtypes occurred following denervation and reinnervation. This paper provides strong evidence that denervation and reinnervation of muscarinic synapses by cholinergic terminals can regulate the density of muscarinic receptors. Moreover, the increase in density of both muscarinic subtypes following denervation and their down-regulation following cholinergic reinnervation provide convincing evidence that the majority of Ml and M2 receptors are located postsynaptically on neurons intrinsic to the hippocampus.
Correspondence between AChE and 'H-HC-3 labeling of cholinergic terminals
We utilized 2 techniques to demonstrate the patterning of cholinergic terminals in the control, denervated, and reinnervated hippocampi: the histochemical staining for AChE and the autoradiographic patterning of )H-HC-3. Histochemical staining for AChE-positive fibers has been widely used in studies of the septohippocampal pathway. There is a functional coupling between presynaptic AChE and high-affinity choline uptake in rat brain (Raiteri et al., 1986 ) and the distribution of AChE and ChAT staining patterns is largely overlapping within the hippocampus Matthews et al., 1987) . The autoradiographic patterning of 'H-HC-3 has been used as a marker for cholinergic presynaptic sites in striatum of rabbit, human, and baboon (Lowenstein et al., 1987; Rhodes et al., 1987) and in the striatum and hippocampus of the rat (Quirion, 1985; Vickroy et al., 1985a; Manaker et al., 1986) . HC-3 is a potent inhibitor of sodium-dependent high-affinity choline uptake, and )H-HC-3 binding labels a membrane component distributed over cholinergic cell bodies, dendrites, axons, and terminals (Vickroy et al., 1984; Sandberg and Coyle, 1985; Coyle et al., 1986) . The autoradiographic distribution of 3H-HC-3 binding correlates significantly with the immunocytochemical distribution of choline acetyltransferase (ChAT) (Levey et al., 1983; Vickroy et al., 1985b; Coyle et al., 1986; Hallanger et al., 1986) . A close correlation between decreases in ChAT and 3H-HC-3 binding has been demonstrated following lesions of the septohippocampal pathway or the basal forebrain<ortical pathway (Sandberg and Coyle, 1985; Vickroy et al., 1985b; Watson et al., 1985a; Manaker et al., 1986; Motohashi et al., 1986) .
Based on that evidence, it would be expected that the distribution of AChE-reaction product and 3H-HC-3 binding should overlap and provide information about the extent of denervation and reinnervation of the hippocampus. In the control hippocampus, the correspondence between AChE histochemistry and 3H-HC-3 autoradiography was close. As expected, fimbriafomix transections resulted in a major reduction ofboth markers in all regions of the hippocampus except the dentate gyrus. Within the hippocampus proper, the loss of 3H-HC-3 following the fimbria-fornix transection was as much as 80%, suggesting that the fimbria-fomix transection did remove the majority of cholinergic input to the hippocampus. Reinnervation of the hippocampus by the septal or striatal transplants could be visualized by both markers, and fibers from the septal transplant exhibited levels of 3H-HC-3 binding that were 80% of control levels. However, we did note differences between AChE histochemistry and 3H-HC-3 binding in both the control and denervated hippocampi, particularly in the dentate gyrus. As has been reported previously (Quirion, 1985; Vickroy et al., 1985a; Manaker et al., 1986) , there is dense binding of 3H-HC-3 in the molecular layer of the dentate gyrus. We report here that this binding may not be correlated with AChE histochemistry. This is particularly evident following removal of extrinsic cholinergic terminals by fimbria-fomix transection, which reduced 3H-HC-3 binding by less than 50% in the dentate gyms but entirely removed the staining for AChE. It is unlikely that the fimbriafornix transection failed to eliminate the septal originating cholinergic fibers from the anterior (dorsal) hippocampus or that the AChE histochemistry was misleading in this regard. Similar lesions result in almost total removal of extrinsic ChAT-immunoreactive terminals Matthews et al., 1987) . It is important to note in this regard that other investigators have reported that transection of the fornix produced only 80% loss of ChAT and 3H-HC-3 in hippocampus (Kromer et al., 198 1; Sandberg and Coyle, 1985) but complete loss of AChE activity (Kromer et al., 198 1) . It is possible that our failure to find complete loss of 3H-HC-3 binding in hippocampus following transection of the fimbria-fomix is the result of collateralization of the processes of intrinsic ChAT-immunoreactive neurons that reside in the dentate gyrus Matthews et al., 1987) . However, it has been reported that ChATpositive neurons intrinsic to the hippocampus fail to hypercollateralize following fimbria-fomix transection (Blaker et al., 1988) . Alternatively, cholinergic fibers traveling via the supracallosal stria that normally lightly label the dentate gyrus (Kasa, 1986 ) may collateralize in the denervated hippocampus. It must be pointed out, however, that for either example to explain the findings, the collaterals would have to be very AChE-poor. Our evidence also suggests that the 3H-HC-3 binding is higher in the dentate gyrus of the noninnervated than the transplant-originating reinnervated hippocampus. It is unclear why this would be the case; it is possible that the septal transplant suppresses the collateralization of any alternate cholinergic processes in the hippocampus. The failure to visualize AChE in the dentate gyrus in the fimbria-fornix transected cases is consistent with other evidence indicating that AChE is not a perfect marker for cholinergic neurons (Houser et al., 1985; Wainer et al., 1985) and may support the view that )H-HC-3 may be a better marker for cholinergic processes. It might also be argued that 3H-HC-3 is labeling a site in the dentate gyrus that is not associated with the high-affinity choline transport site. A more detailed description of 3H-HC-3 binding and ChAT-positive terminals within the hippocampus is necessary to address this issue appropriately.
Topography and localization of muscarinic Ml and M2 receptors The density and patterning of Ml and M2 receptors within the hippocampus was determined autoradiographically following labeling of Ml receptors with PZ and M2 receptors with 3H-NMS in the presence of excess pirenzepine to block Ml receptors. In some cases, the Ml receptors were labeled with 3H-NMS in the presence of excess carbachol to inhibit binding to M2 receptors. The Kd of PZ for M 1 receptors in the hippocampus (17-26 nM) was in the range reported by other investigators using similar binding conditions (Wamsley et al., 1984; . The distribution of Ml receptors in the hippocampus described in this paper is in agreement with previous reports using the radioligands PZ (Wamsley et al., 1984; Quirion, 1985; Spencer et al., 1986) or 3H-quinuclidinyl benzilate plus sufficient carbachol to inhibit binding to M2 sites (Mash and Potter, 1986) . The inconsistency of the relationship between the density of M 1 receptors in subregions of the hippocampus and the density of cholinergic terminals as visualized with 3H-HC-3 (Quirion, 1985) or AChE histochemistry (Mash and Potter, 1986) has been noted previously. It has been suggested that Ml receptors may be located distal to the cholinergic synapse and respond to diffusely released ACh (Quirion, 1985) . Our results suggest otherwise, that the density of Ml sites are modulated by the presence of ACh, the presence of cholinergic fibers "down-regulating" the density of Ml receptors. This is supported by several lines of evidence: (1) The density of M 1 receptors in the hippocampus was inversely related to the density of cholinergic terminals, (2) removal of the cholinergic innervation resulted in substantially higher densities than in control hippocampi, and (3) a major reduction in the density of sites could be induced by reinnervation by transplant originating cholinergic fibers. These data are at least compatible with the hypothesis that in the hippocampus Ml receptors are located postsynaptic to cholinergic terminals and their density is regulated by the presence of the transmitter.
The Kd of )H-NMS for M2 sites in the hippocampus with M 1 receptors occluded by excess pirenzepine (3 WM) was in the range of 230-280 PM, also similar to the published values for the Kd of 3H-NMS to muscarinic sites in rat brain (Wamsley et al., 1980; Lee and El-Fakahany, 1985; . Our description of the topography of M2 receptors within the hippocampus is in broad agreement with other studies Mash and Potter, 1986; Spencer et al., 1986) and shows important differences from the distribution of Ml receptors. Thus, for M2 receptors the CA1 and CA4 regions are denser than CA3 and the dentate gyrus. Moreover, the subiculum shows denser binding than more lateral regions within the CAl. For M 1 receptors, the subiculum is lower in sites than the CA 1 region. The CA 1 region is homogeneous in the mediolateral axis, comparable in density to the dentate gyrus and higher in binding than CA3 or CA4.
Comparison of our autoradiographic patterning of M2 sites with that of utilizing 3H-NMS shows a high degree of correlation. They show, as we have, that a clear distinction in the topography of sites exists when 3H-NMS is used to label Ml or M2 receptors; in the former case, the distribution of sites is remarkably similar to that of PZ. Our data compare favorably with that of other laboratories that utilized different radioligands to label M2 receptors, but important differences may also exist. Similar to our results, from the autoradiographs depicted in photographs by Mash and Potter (1986) and in those of Spencer and associates (1986) , the density of sites is greater in the subiculum with a reduction in density towards the lateral CA 1 and far less binding in the dentate gyrus than other regions. In contrast to what we and others ) have observed, these authors (Mash and Potter, 1986; Spencer et al., 1986) report that M2 receptor density in the CA3 region appears to be greater than that within the CA3b region, and within the CA1 the stratum oriens is clearly denser than the lacunosum molecular layer. Given the significant similarities between groups in the general description of the organization of M2 receptors within the hippocampus, the reasons for these apparent differences are unclear. It is unlikely that 3H-NMS is labeling Ml sites under the conditions employed, since the concentration of pirenzepine used blocks more than 90% of the binding to Ml receptors. Furthermore, the topography of the binding of 3H-NMS under conditions favoring Ml receptor labeling is far different from the topography of M2 receptors. It is possible that the techniques utilized by other groups (Mash and Potter, 1986; Spencer et al., 1986) allows for the visualization of a subset of M2 receptors.
Effects of experimental denervation and reinnervation on the regulation of muscarinic receptors Previous research examining the effects of experimental cholinergic denervation of the hippocampus have not reported any evidence for up-regulation of muscarinic receptors in whole hippocampus (Yamamura and Snyder, 1974; Overstreet et al., 1980; Kamiya et al., 198 1) . The inability to demonstrate any such denervation effects in previous studies may reflect certain methodological differences, in particular (1) incomplete loss of cholinergic input after experimental denervation, (2) differential localization of muscarinic receptor subtypes, (3) short postoperative time periods, or (4) regionally selective changes in receptor density following the denervation. Our study utilized a model that produced almost total loss of cholinergic input to a restricted region of the hippocampus (dorsal), long-term denervation (30-50 d) and a method of visualizing both receptor subtypes. The septohippocampal cholinergic system contributes fibers to the dorsal hippocampus (review, Kasa, 1986) and can be completely severed with fimbria-fornix transection (Nicoll, 1985) . In contrast, lesions of the basal forebrain cholinergic system innervating the cortex produce incomplete loss of ChAT activity (McKinney and Coyle, 1982; Mash et al., 1985; Watson et al., 1985a; Norman et al., 1986 ) possibly contributing to the lack of evidence that cholinergic receptor up-regulation occurs as a consequence of the lesions. Our analysis was restricted to the dorsal hippocampus since it appeared that the fimbria-fornix transection produced incomplete loss offiber input to the ventral (caudal) hippocampus and fiber innervation from the transplants did not extend into that region of hippocampus. It is therefore possible that previous negative results might have been compromised by utilizing the entire hippocampus. This view is additionally supported by the results of the one other study that did describe cholinergic receptor up-regulation following denervation (Westlind et al., 198 l) , where effects of denervation were examined only within the dorsal (rostral) hippocampus. Length of time after the lesion may also be a factor, since McKinney and Coyle found that shortly (3 d) after lesions of cholinergic input to the cortex there was a drop in muscarinic receptor density but a modest increase after more than 3 weeks. However, Westlind et al. (198 1) used a shorter postoperative time interval than in our study, and they were able to find an increase in the hippocampus.
Our results also suggest that subregions of the hippocampus are differentially affected by denervation. The increase in the density of Ml receptors following denervation was greater in the subicular-CA1 region than in the dentate gyrus or CA3-CA4 regions. The increase in the density of M2 receptors was greatest in the CA4 and CA1 regions, less in the dentate gyrus, and least in CA3 and subicular regions. The reduced effect in the dentate gyrus may reflect (1) alternate intact cholinergic pathways, traveling via the supracallosal stria, that also innervate this region (Kasa, 1986) , (2) local collaterals from intrinsic interneurons, or (3) noncholinergic input (Loy et al., 1980; Kohler, 1982) . In fact, both noradrenergic and serotinergic fibers that innervate the hippocampus would be damaged by our fimbria-fornix transection and could contribute to the increased density of muscarinic receptors. However, since reinnervation of the hippocampus by septal or striatal grafts produced an apparent down-regulation of receptors to levels comparable to the control hippocampus, the most parsimonious explanation is that cholinergic denervation and reinnervation are sufficient for regulation of muscarinic receptors. However, our results do not preclude the contribution of noncholinergic fiber innervation originating from the transplants. Nonetheless, these data provide a strong case that synaptic regulation of muscarinic receptors occurs within the brain.
The regulation of the density of Ml and M2 receptors appeared to depend on the extent and degree of cholinergic fiber innervation of the hippocampus. This is apparent from our findings that the regions of the reinnervated side exhibit an inverse relationship between the density ofAChE-reaction product and muscarinic receptor density. Further evidence that regulation is independent of the transplant itself, and dependent on cholinergic innervation, derives from 2 experimental findings: (1) grafts of embryonic striatum that exhibited AChEpositive innervation of the hippocampus resulted in a downregulation of M 1 sites, and (2) surviving grafts of tissue that did not show AChE-positive fiber innervation of the denervated hippocampus (some cases of striatum or cerebellum) did not produce down-regulation of M 1 or M2 receptor density.
It has been proposed that Ml sites are located postsynaptic and M2 sites located presynaptic to cholinergic synapses based on the differential distribution of M 1 and M2 sites in the brain (Mash and Potter, 1986; Spencer et al., 1986) , correlation with AChE-positive terminals (Mash and Potter, 1986; Spencer et al., 1986 ) and loss of sites in cortex after destruction of the nucleus basalis (Mash et al., 1985; Watson et al., 1985a) . Our results indicate that this is not the case for the septal originating cholinergic input to the hippocampus. First, it can be demonstrated that in certain regions of the hippocampus (e.g., the dentate gyrus) a high density of Ml receptors and a low density of M2 receptors can be topographically related to a high density of cholinergic terminals. This is not compatible with a largely presynaptic localization of M2 receptors. Second, after longterm denervation there is an increase in the density of M2 sites that can be down-regulated to control levels following cholinergic reinnervation. This is similar to what we observed for the regulation of M 1 receptors. These data are more consistent with a largely postsynaptic location for Ml and M2 receptors. It is not unlikely, however, that a small population of both receptor subtypes are located presynaptically on certain populations of septohippocampal fibers. In this regard, it is important to note that it has been reported that both Ml and M2 receptors can be seen to be orthogradely transported in the septohippocampal fibers (Watson et al., 1983 (Watson et al., , 1986 . It is possible that differences in the effects of denervation on the density of M2 receptors described by us and by Mash and Potter (1986) may also be due to the brain region examined and that a greater majority of M2 receptors are located on cholinergic terminals in cortex than in the hippocampus. Alternatively, some methods of labeling M2 receptors (Mash and Potter, 1986; Spencer et al., 1986 ) may preferentially label a subpopulation that are autoreceptors.
Summary
Our results regarding the distribution and apparent regulation of M 1 and M2 receptors within the hippocampus after cholinergic denervation and reinnervation provide strong evidence that these receptors are under the control of cholinergic neurotransmitter activity. Furthermore, as evidenced by the regulation of the density of the muscarinic receptors, grafts of embryonic tissue are sources of cholinergic processes that make appropriate synaptic contacts. Our results are not consistent with the view that M2 receptors are largely presynaptically localized on cholinergic terminals. Our evidence indicates that the majority of M 1 and M2 receptors are localized postsynaptitally to cells within the hippocampus and respond to cholinergic denervation and reinnervation similarly.
